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The b mating-type locus of the fungal plant pathogen Ustilago maydis encodes two multiallelic gene products,
bE and bW, that control the formation and maintenance of the infectious cell type. Dimerization via the
N-terminal regions of bE and bW proteins encoded by alleles of different specificities establishes a homeodo-
main-containing transcription factor. The bE and bW products encoded by alleles of like specificities fail to
dimerize. We constructed sets of chimeric alleles for the bEI and bE2 genes and for the bW1 and bW2 genes to
identify sequences that control specificity. The mating behavior of strains carrying chimeric alleles identified
three classes of specificity: b2 (class I), specificity different from either parental type (class II), and b1 (class
III). Crosses between strains carrying bE and bW chimeric alleles identified two short blocks of amino acids
that influence specificity and that are located in the N-terminal variable regions of the b proteins. Comparisons
of pairs of chimeric alleles encoding polypeptides differing in specificity and differing at single amino acid
positions identified 16 codon positions that influence the interaction between bE and bW. Fifteen of these
positions lie within the blocks of amino acids identified by crosses between the strains carrying chimeric alleles.
Overall, this work provides insight into the organization of the regions that control recognition.

Recognition mediated by protein-protein interactions plays
a fundamental role in many biological processes. Well-charac-
terized examples include antibody-antigen interactions (8, 9,
23), ligand-receptor binding (22, 35), and the establishment
and maintenance of tissue integrity by cadherins (19). The
proteins involved in sexual reproduction and incompatibility in
fungi provide relatively simple examples of determinants of
self versus nonself recognition. In this paper, we describe a
molecular genetic approach to identify the determinants of
recognition for the proteins encoded by the b mating-type
locus of the fungal corn pathogen Ustilago maydis.

U. maydis is commonly found in nature as black diploid
teliospores on infected corn plants (6). The teliospores germi-
nate, and meiosis occurs to produce haploid, yeast-like prog-
eny. Nonself recognition between compatible haploid mating
partners is a prerequisite to the establishment of an infectious,
dikaryotic cell type, and the genes at the a and b mating-type
loci are considered pathogenicity factors (reviewed in refer-
ences 2 and 18). The a locus, with alternate specificities a/ and
a2, encodes pheromones and pheromone receptors and con-
trols recognition of mating partners at the level of cell fusion
(3, 11, 31). The b locus controls the formation and mainte-
nance of the infectious cell type after cell fusion has occurred.
If the cells participating in mating have different specificities
(nonself) at the b locus, a vigorous, straight dikaryotic filament
is formed and this cell type will be infectious. In contrast,
mating partners that carry b sequences of like specificities
(self) do not form an infectious dikaryon. Interestingly, the b
locus is believed to have at least 25 different naturally occur-
ring specificities (24, 29), and all of the nonself combinations of
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alleles are able to promote pathogenicity and sexual develop-
ment.

The b locus of U. maydis was initially cloned by transforma-
tion of a library of DNA from a strain with b1 specificity into
a diploid strain with b2 specificity and by subsequent screening
of transformants for filamentous growth (16). The molecular
characterization of the b locus revealed the presence of two
divergently transcribed genes called bE (encoding a polypep-
tide of 473 amino acids) and bW (encoding a polypeptide of
644 amino acids) (12, 17, 28). These genes exist in an allelic
series such that each of the 25 specificities at the b locus is
determined by the specific bE and bW alleles present in a
haploid strain. The bE and bW gene products do not show
sequence similarity to each other except that each contains a
homeodomain-like region of approximately 60 amino acids
that lies between a variable amino-terminal region (N-terminal
region; 100 to 150 amino acids) and a conserved carboxy-
terminal region (C-terminal region) (12, 28). Gene disruption
experiments revealed that the b gene products are necessary to
establish the filamentous dikaryon. That is, strains compatible
at the a locus but carrying null mutations in both bE and bW
are defective in mating (12, 17). Furthermore, deletion of the
b genes revealed that the presence of one bE and one bW from
each mating partner (e.g., bEI plus bW2 or bE2 plus bW1I) is
sufficient to allow mating and pathogenic development in the
plant (12).

It is believed that any combination of bE and bW gene
products encoded by different alleles is capable of triggering
dikaryon formation. In contrast, the bE and bW products from
the same strain fail to initiate pathogenic development. Exper-
iments using the two-hybrid system with Saccharomyces cerevi-
siae and an in vitro protein binding assay indicate that the
N-terminal regions of bE and bW promote dimerization be-
tween gene products from alleles of different specificities (15).
The bE and bW products from genes of the same strain (e.g.,
bE2 and bW2) fail to dimerize. Thus, it appears that the vari-
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able regions of bE and bW are dimerization domains and that
the formation of active heterodimers requires b polypeptides
from genes with different specificities. In this context, the crit-
ical question is the following: what mechanism prevents the
dimerization of bE and bW gene products from the same lo-
cus?

In previous work, we defined a specificity region for the bET
and bE2 genes by the construction and analysis of chimeric
alleles (37). This work identified a 40-amino-acid sequence
within the N-terminal variable region that was thought to con-
tain the residues that control specificity. Surprisingly, chimeric
alleles between bEI and bE2 that contained recombination
sites within the sequence encoding the 40-amino-acid region
displayed specificities different from that of either parental bE
allele. These alleles were designated class II to distinguish
them from alleles that had not changed specificity (class I) or
that had switched specificity from one parental type to the
other (class IIT). Kamper et al. have shown that single-amino-
acid changes within a similar portion of the variable region of
bE2 allow dimerization with bW2 (15). These observations
prompted the proposal that a dimerization interface mediates
the attraction between bE and bW proteins from different
alleles. In this context, bE and bW proteins that fail to dimerize
must fail to do so because of key interfering residues that block
association by preventing productive interactions or by estab-
lishing disruptive interactions, e.g., by polar or hydrophobic
effects or by steric hindrance (14).

In this paper, we report the construction of additional chi-
meric alleles for the bE] and bE2 genes and the construction of
a large set of chimeric alleles for the bWI and bW2 genes.
Overall, these sets of alleles provided a refined view of the
40-amino-acid specificity region for bE] and bE2 and identified
an analogous 70-amino-acid region for the bWI and bW2 al-
leles. In addition, crosses between all combinations of bE and
bW chimeric alleles revealed that the borders of the regions
defined by class II alleles contain the important determinants
for recognition. For bDET and bE? alleles, the specificity borders
lie between codons 31 and 39 and between codons 79 and 92;
for the bW1 and bW2 alleles, these borders are found between
codons 2 and 9 and 74 and 83. Our data suggest that the
40-amino-acid region for bE and the 70-amino-acid region for
bW represent the intervals between the specificity determi-
nants in the border regions. Key amino acid positions within
the borders were identified by comparisons of chimeric alleles
that differed at a single codon and had different specificities
when tested against strains carrying either wild-type or chi-
meric alleles. Additional chimeric alleles, constructed between
bW1 and bW3, indicated that a single border region can be
sufficient to control the interaction for certain allele pairs.

(This work fulfills part of the requirements for a Ph.D. in
plant science from the University of British Columbia for A. R.
Yee.)

MATERIALS AND METHODS

Strains and growth conditions. Escherichia coli DH5« [F~ endAI hsdR17 (i~
mg ") supE44 Thi—1 recAl $80dlac ZM15] (Bethesda Research Laboratories)
was used for DNA manipulations and was grown in Luria-Bertani medium (26).
U. maydis wild-type prototrophic strains were 518 (a2 b2), 521 (al bI), 031 (al
b2), and 032 (a2 b1) (16). The genotypes of strains carrying chimeric b alleles (for
bE1 and bE2 or bW1 and bW?2) were designated bEx and bWx where x is followed
by a number indicating the amino acid position corresponding to the codon at
which the sequence changes from EI to E2 or WI to W2. The genotypes for
chimeric b alleles for bW1 and bW3 were distinguished from those for the bW1
and bW?2 alleles by the designation bW1/3x followed by the codon number at
which the sequence changes from bWI to bW3. It should be noted that the
procedure for constructing chimeric alleles disrupts the wild-type allele of bE or
bW in each strain due to the insertion of a hygromycin resistance cassette and
leaves only one functional b gene (the chimeric gene) (37). U. maydis cultures
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FIG. 1. In vitro construction of chimeric alleles. The megaprimer PCR
method (27) was employed to construct chimeric alleles of bE1 and bE2 and bW1
and bW2. The procedure is diagrammed for the construction of bEI and bE2
chimeric alleles; the same approach was used for W1 and bW2 chimeric alleles
except that the final chimeric amplification product was cloned into plasmid
PARG6Y (see Materials and Methods). The chimeric primer is designed to overlap
the anticipated junction point of the chimeric allele. The megaprimer approach
makes use of two additional, flanking primers. For bE chimeric alleles, primers
BE10 and bW1-Y6A were used to produce the megaprimer and to isolate a
fragment containing 5’ promoter sequences, respectively. For bW chimeric al-
leles, the equivalent primers were BW6 and BE1-Y31A (Materials and Meth-
ods). Note that the final transformation cassette disrupts bE or bW upon homol-
ogous integration and leaves the chimeric allele as the only functional b gene in
the transformant.

were grown in potato dextrose medium (Difco Laboratories) or complete me-
dium (13), and mating reactions were carried out on solid double-complete
medium containing 1% activated charcoal (13).

Construction of chimeric alleles. The strategy for the in vivo construction of
chimeric alleles by transformation and homologous integration was described
previously (37). This approach involved the transformation of deletion deriva-
tives of bE and bW genes into strains of opposite b specificities and the gener-
ation of chimeric alleles by homologous integration at b. Additional chimeric
alleles were constructed in vitro by a PCR approach and subsequently used to
replace wild-type alleles by transformation. The PCR approach was based on the
Megaprimer PCR procedure (27) and is diagrammed in Fig. 1. This technique
requires two rounds of PCR amplification and a “chimeric” primer designed to
overlap the junction between the bE1 and bE2 or bWI1 and bW2 sequences. The
first round involves PCR with the chimeric primer and a second primer to
produce a PCR product called the “megaprimer.” This round of PCR employed
bE2 or bW2 sequences as templates. The megaprimer was then used in a second
round of PCR with a third primer and bE1 or bW1 template DNA to produce the
final chimeric product. The primers employed for constructing chimeric alleles
are shown in Table 1, and the chimeric alleles are listed in Table 2.

The protocol of Sarkar and Sommer (27) was employed for PCR except that
Vent polymerase (New England BioLabs, Beverly, Mass.) was used instead of
Taq polymerase. The reaction mixture (100 wl) for PCR with Vent polymerase,
as recommended by Cease et al. (5), contained 10 mM KCI, 10 mM (NH,),SO,,
20 mM Tris-HCI (pH 8.8 at 25°C), 3 mM MgSO,, a 500 pM concentration of
each dNTP, 0.1% Triton X-100, 1 uM concentrations of primers, 1 fmol of DNA
template, and 1 U of Vent polymerase. Thermal cycling was done with a Perkin-
Elmer 480 with an initial 3-min time delay at 94°C and a step cycle of 1 min at
94°C, 1 min at 52°C, and 1 min at 72°C; the samples were held for 10 min at 72°C
at the end of the cycles.

The chimeric PCR products were first cloned as blunt-end fragments into
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TABLE 1. Oligonucleotide primers used for the construction of
chimeric alleles

Primer name Sequence”

ACGGGGTAATTTTCCCCTTTATCTCGC

... GTCTTTCGTCGCAGCTCTCGGAG
AACGTTGTTGGGTGTCTTTTGTTGCAGCTCTCG
. AAACATTCAAGATCTTTCATGTTGGG
...ATCTCGGAGAAACATTCAAAATCTTTCATGTTG
.GTCTGTCGAGATACACTCATCAAGCTT
...CTCGAGGAGATCTTCTTGGGACATTTG
...CTCGAGGAGATCTTCATAGGACATTTGAACGAA
.GAGGAGATCTTCATAGAGCATTTGAACGAACTA
ATCTTCATAGAGTATCTGAACGAACTACACATA
TTCATAGAGTATCTGAGGGAACTACACATAGGG
.GAGTATCTGAGGAAGCTACACATAGGG
TATCTGAGGAAGCTACGAATAGGGTGCCAAGCT
.CTGAGGAAGCTACGACGAGGGTGCCAAGCTCAG
AGGAAGCTACGACGAGTGTGCCAAGCTCAGTAC
AAGCTACGACGAGTGTATCAAGCTCAGTACGAG
.CGACGAGTGTATGAGGCTCAGTACGAG

bWx91..

. .CAATACGAAAATGCGTTCGCGATATGG
bWx140. .CAGGGGGAGAAGAATCAGTTCG
BEI10..... AAGGATCCATAGCGTGAGCTGATGA
BWI-Y6A .CAAAATCTTGGAGAAAGCTTCAAAATCTTTCAT
BWG6...... TTGGATCCAGTGACCTCTGAAAG
BE1-Y31A.........ACGCACGAGAACGGGGGCATTCTCCCC

¢ The primers are shown in the 5’-to-3" orientation.

pBluescript KS+ (Stratagene) which had been linearized with EcoRV. The
cloned chimeric or mutant product was then subcloned from pBluescript KS+
into a Ustilago transformation construct. For bE, this transformation construct
was pMBE2 (Fig. 1) which had been linearized with Sacl, made blunt with T4
polymerase, and dephosphorylated. Plasmid pMBE2 contains a 1.8-kb Bg/II-Sall
fragment carrying the hygromycin resistance cassette in pUC9 (34). The plasmid
also contains a 1.4-kb fragment encoding the N-terminal portion of the bW1
polypeptide. For bW chimeras, the transformation construct was pAR69 which
had been linearized with HindIII, made blunt with T4 polymerase, and dephos-
phorylated. Plasmid pAR69 is based on pBluescript KS+ and contains a 1.9-kb
BgllI-Xbal fragment encoding the hygromycin resistance cassette (34) and a
5.8-kb Xbal-BamHI fragment encoding the bEI gene and 3’ flanking sequences.
Subclones containing the correct orientation of insert were chosen for transfor-
mation into U. maydis. The bE and bW chimeric allele constructs were linearized
with BamHI, extracted once with phenol-chloroform-isoamyl alcohol (24:24:1)
and once with chloroform-isoamyl alcohol (24:1), ethanol precipitated, and dis-
solved in Tris-EDTA. This DNA was then used to transform U. maydis proto-
plasts. Transformation of U. maydis was accomplished by a protoplast-polyeth-
ylene glycol-CaCl, procedure modified from Wang et al. (34) and Specht et al.
(30). Homologous integration and replacement of sequences at the b locus were
confirmed by DNA hybridization (data not shown).

Mating tests. Routine mating tests employed a “drop-on-drop” procedure.
Overnight cultures of U. maydis cells were grown at 30°C and 225 rpm for 16 to
20 h until late log or early stationary phase (optical density at 600 nm, 1.8 to 2.2).
Then, 10 to 30 pl of culture was dropped on a charcoal mating plate containing
1% glucose and allowed to dry. A second drop of the tester culture was placed
on top of the first and allowed to dry. The plates were then taped with a double
layer of Parafilm, incubated in the dark at room temperature for 24 to 48 h, and
scored for mycelial growth.

RESULTS

Chimeric alleles of bE1 and bE2. Previously, we reported the
construction of 16 chimeric alleles of the bEI and bE2 genes
(37). The strategy for constructing chimeric alleles at the b
locus involves transformation of U. maydis cells with truncated
bE or bW genes such that chimeric alleles are generated as a
result of homologous recombination within the variable 5’
portion of the gene (37). In addition, it was also possible to
construct chimeric alleles in vitro and to replace wild-type
alleles by transformation and homologous recombination. In
each case, the chimeric alleles were constructed such that de-
letions or insertions did not occur at the point of recombina-
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tion between sequences from different alleles, as confirmed by
sequence analysis.

Our earlier work on chimeric bE alleles identified three
classes based on the mating activity of the host strains; those
that had a bE2 specificity (class I), those with a bE1 specificity
(class IIT) and those with a specificity different from bEI or
bE2 (class II). The determination of the positions of the re-
combination sites for these classes identified a region involved
in specificity between codons 39 and 87 which encodes a por-
tion of the N-terminal variable region. We have now obtained
five new chimeric alleles for bEI and bE2 (bEx31, bEx45,
bEx57, bEx82, bEx89) to develop a more detailed map of the
three specificity classes for the chimeric bE alleles. The new
chimeric alleles are shown with the previously constructed al-
leles on a map of the bEI and bE?2 variable region in Fig. 2A.
It should be noted that allele bEx39 was previously scored as
having a specificity like that of bE2 (37); the subsequent iso-
lation of additional strains carrying this allele and further in-
compatibility tests revealed mating activity with both b7 and
bW?2 tester strains. With the additional chimeric alleles for bE1
and bE2, we have now obtained chimeras for 17 of the 36
potential positions in the variable region between codons 1 and
107. These chimeras include 15 of the 27 potential chimeras in
the first 92 codons that encode the N- and C-terminal borders
of the region identified by the analysis of the class II alleles.

Chimeric alleles of bW1 and bW2. Gillissen et al. (12) pre-
sented genetic evidence that the specificity of recognition de-
termined by b is mediated by interactions between the bE and
bW gene products from strains with different b specificities
rather than by bE-bE or bW-bW interactions. In addition, our
previous analysis of bE chimeric alleles indicated that each
allele with novel specificity (class II alleles) was found to have
identical mating behavior when tested against a set of strains
carrying naturally occurring bW alleles (37). Therefore, we
constructed a set of chimeric alleles for bWI and bW2 to
further explore the interaction between bE and bW and to
attempt to collect bW chimeric alleles that might identify dif-
ferences between class II bE chimeric alleles. As shown in Fig.
2B, chimeric alleles were obtained for 24 of the 43 potential
positions (56%) between codons 1 and 109 of bW1 and bW2.
The potential positions for the formation of chimeric alleles
represent the codons that specify different amino acids in bW1
and bW2. Mating tests with strains carrying wild-type bE7 and
bE?2 alleles revealed that the transformants carrying the chi-
meric bW alleles represented three classes: b2 (class I), spec-
ificity different from bWI and bW2 (class 1), and bWI (class
IIT) (Fig. 3). A sequence analysis of the bW chimeric alleles
from each class allowed the identification of a region involved
in determining specificity comparable to that found for bE]
and bE2 and located between codons 6 and 83 (the N-terminal
variable region for bW is encoded by codons 1 to 150). Inter-
estingly, the region between codons 76 and 83 did not show a
distinct transition between chimeric alleles that had a novel
specificity (class IT) and those that had a bW1I (class III) spec-
ificity. This feature suggests that amino acids involved in de-
termining specificity may be clustered in the part of the vari-
able region specified by these codons. The C-terminal border
of the region defined by the class II alleles of bE did not show
a similar complexity (Fig. 2A) (37).

During the construction of the bW chimeric alleles, a specific
attempt was made to obtain a large number of recombinant
alleles in the borders of the region defined by the class II
alleles. As a result, chimeric alleles were obtained for 10 of the
12 potential positions (83%) between codons 1 and 52 (encod-
ing the N-terminal border region) and for 14 of the 18 poten-
tial positions (77%) between codons 68 and 109 (encoding the
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FIG. 2. Map of the specificity regions for chimeric alleles of bE7 and bE2 and chimeric alleles of bW and bW2. (A) The positions of recombination sites for the
sequence encoding the N-terminal variable region (positions 1 to 160 of the 473-amino-acid polypeptide) are shown for 21 chimeric alleles. The numbers on the map
indicate the codons at which each recombination event changed the coding sequence from bEI (N terminal) to bE2 (C terminal). The mating reactions of strains
carrying the chimeric alleles are indicated below the map. The strains carrying chimeric alleles have a2 specificity and were tested against strains with a/ b1 and al b2
specificity. A plus sign indicates a compatible mating reaction that results in the formation of white aerial hyphae on mating colonies. A minus sign indicates a failure
of the mating mixture to form aerial hyphae. Three classes of mating behavior are exhibited by the strains carrying chimeric alleles: class I (bE2 specificity), class IT
(novel specificity), and class III (bEI specificity). The newly constructed chimeric alleles are marked with an asterisk to distinguish them from the alleles described
previously (37). (B) The positions of recombination sites for the sequence encoding the N-terminal variable region (positions 1 to 120 of the 644-amino-acid
polypeptide) are shown for 24 chimeric alleles. The numbers on the map indicate the codons at which each recombination event changed the coding sequence from
bWI (N terminal) to bW2 (C terminal). The mating reactions of strains carrying the chimeric alleles are indicated below the map. The strains carrying chimeric alleles
have al specificity and were tested against strains with a2 b1 and a2 b2 specificities (see Fig. 4). As with the strains carrying the bE chimeric alleles shown in panel A,

three classes of mating behavior were found: class I (bW2 specificity), class II (novel specificity), and class III (bW1 specificity).

C-terminal border region). As described above, the potential
positions for generating chimeric alleles are the codons for
bW1 that differ from those for bW2. These chimeric alleles
were initially obtained to provide a detailed analysis of the
regions of transition between classes with different specificities.
As described below, however, these chimeric alleles have also
allowed the identification of specific amino acid positions that
control recognition between bE and bW gene products.
Chimeric alleles of bW1 and bW3. To date, our chimeric
allele analysis has focused on bE and bW genes of bl and b2
specificities. We were interested in expanding the analysis to
include additional b specificities to determine whether similar
sequences in the N-terminal variable regions were important in
different allele combinations. The b3 locus provided a straight-
forward starting point for this analysis because alignments of
the predicted amino acid sequences encoded by bW1 and bW3
revealed that the variability between these alleles shows up
primarily in the first 20 amino acids at the corresponding N
termini (Fig. 4A). Therefore, this region potentially contains
all of the specificity determinants for this allele pair. Interest-
ingly, differences exist at only 5 of the first 20 positions and at

only 4 of the remaining 140 amino acids in the N-terminal
region upstream of the homeodomain. The sequence similarity
suggests that bW1 and bW3 are evolutionarily close, relative to
other allele pairs, and that only a few differences in one region
are sufficient to change specificity.

Three chimeric alleles were obtained between bW1 and bW3
to confirm the position of the specificity determinants for this
allele pair (Fig. 4B). Each of the chimeric alleles (bW1/3x9,
bW1/3x20, and bW1/3x34) had class III (bW1I) specificity, and
alleles with class I and II specificities were not found. The
relatively small region of variable sequence between bWI and
bW3 probably accounts for the absence of chimeric alleles of
the class I and II types. The region for recombination to gen-
erate these alleles would be relatively small, and it would be
necessary to construct this type of allele in vitro. The class III
specificity of the alleles between bWI and bW3 indicates that
the specificity region for this allele pair lies upstream of codon
9, as predicted by sequence inspection. Overall, these results
indicate that a quite different map of the bW N-terminal vari-
able region can be obtained depending on the bW and bE
alleles under consideration. However, in terms of specificity
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FIG. 3. Mating reactions between strains carrying wild-type alleles and bW
chimeric alleles. Representative mating reactions between strains with chimeric
alleles and strains with wild-type alleles (032 [a2 bI] and 518 [a2 b2]) to dem-
onstrate the activity of the chimeric alleles shown in Fig. 2. Each colony develops
from the coinoculation of the two strains to be tested on medium containing
activated charcoal (to enhance the reaction). Positive controls (white aerial
hyphae) for mating are shown for the interactions of wild-type strains 032 (a2 b1)
and 031 (al b2) and 521 (al bI) and 518 (a2 b2). Negative controls (flat gray
colonies) include the interaction of 031 (aZ b2) with 518 (a2 b2) and 032 (a2 b1)
with 521 (al bI); these strains, although capable of fusion, have the same
specificity at b. Note that certain allele combinations give weak mating reactions:
bWx79 and bWx82 with bEI (032).

determinants, the bW1/bW3 combination revealed that a short
N-terminal region is important; this region may play an iden-
tical role to that of the N-terminal region identified for the
bW1/bW?2 combination. In particular, codon 6, which plays an
important role in specificity (described below), encodes an
amino acid in this region and was found to encode different
amino acids when the bW1 and bW3 polypeptide sequences
were compared.

Crosses between strains carrying bE and bW chimeric al-
leles. The availability of sets of bE1/bE2 and bWI1/bW?2 chi-
meric alleles presented an opportunity to further investigate
the roles of the specificity regions through incompatibility tests
between strains carrying different chimeric bE and bW genes.
As described above, these sets of chimeras each defined three
specificity classes: class I, wild-type b2 specificity; class II, novel
specificity (different from b/ or b2); and class I1I, wild-type b1
specificity. Mating tests on culture medium were performed for
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all combinations between strains carrying each of 19 different
bEI1/bE2 chimeras and strains carrying each of the 26 different
bWI1/bW?2 chimeras (494 combinations). The results of these
crosses are summarized in Table 2, and representative mating
tests are shown in Fig. 5. These tests provided an interesting
insight into the organization of the specificity regions of the bE
and bW proteins. Specifically, the striking general result was
that the majority of strains carrying chimeric alleles from class
II failed to give a positive mating reaction, suggesting that the
borders of the regions defined by these alleles contain the
important residues for recognition and dimerization between
bE and bW. As diagrammed in Fig. 6, these border sequences
have been designated N1 and C1 for the bI specificity genes
and N2 and C2 for the b2 specificity genes. The bE and bW
chimeric alleles of class II specificity would therefore be asso-
ciated with the N1 and C2 border combination. Note that our
strategy would not yield chimeric alleles encoding the N2 and
C1 border combination.

As shown in Fig. 6, the recombination events between the
border regions that generate class II alleles would result in b
gene products that are capable of interacting with products
from either parental allele. For example, the product of class II
allele bEx57 would allow a positive mating interaction with
strains carrying bW1 and bW2 alleles. This suggests that dimer-
ization is not prevented when sequences of like specificities are
present at just one of the borders (e.g., a bE N1/C2 interaction
with a bW N1/C1). Conversely, recognition of nonself at one
border is sufficient to allow dimerization. We propose that the
products of the class II alleles fail to interact with each other
because self combinations are present for both of the borders
(e.g., N1/C2 with N1/C2). An example of this situation is de-
picted in Fig. 6 for class II alleles bWx52 and bEx57. These
combinations would be similar, in terms of border combina-
tions, to the wild-type self combinations of N1/C1 with N1/C1,
or N2/C2 with N2/C2. Overall, the mating tests between strains
with chimeric alleles indicated that the borders of the specific-
ity intervals contain amino acid residues that are important for
recognition; this is consistent with the border locations of res-
idues that influence specificity (see below) and the location of
a single short N-terminal border for the bW1/bW3 combination
described earlier.

The crosses presented in Table 2 also revealed that the
bEx107, bEx128, and bEx156 alleles were found to apparently
have specificities different from that of the wild-type bE! allele
when tested against bW chimeras bWx76, bWx77, bWx80, and
bWx81. Surprisingly, the bEx156 allele contains all of the vari-
able region of the bE! gene (encoding amino acids 1 to 156)
fused to a portion of the bE2 gene encoding part of the C-
terminal region (amino acids 157 to 473). A comparison of the
predicted amino acid sequences of the products of the bEx156
and bE] alleles revealed three differences in the homeodomain
and one difference in the C-terminal region. It is possible that
these residues in the homeodomain contribute to the specific-
ities of interactions in other allele combinations because vari-
ability was found in this region when the sequences of six bE
alleles were compared (17). This result suggests a possible role
for the homeodomain in specificity that is only revealed
through test crosses with specific bW chimeric alleles. It is
possible that sequences in the homeodomain could directly
influence dimerization or that the amino acid differences in the
homeodomain might have a long-range influence on the con-
formation of the specificity region resulting in different inter-
actions with some of the chimeric bW alleles.

Identification of single amino acid positions that influence
specificity. In earlier work, we noted that sequence compari-
sons of chimeric alleles with different specificities allowed the
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A.
0 40
bwW1 MKDFEYFSKI LSLASQIRMT LPPLPRISQT APRPTCFLPL
* % * * * *
bW3 MADLESFSEI LSLASQIRMM LPPLPRISQT APRLTCFLPL
41 80
bW1 SLEGPNQQAL SRKLSKLGIG SVCRDTLEEI FIEYLRKLRR
*
bw3 SLEGPNQQAL SRKLSKLGIG SVCRDTLAEI FIEYLRKLRR
81 120
bW1 VYEAQYENAF VTWQQENLYE EAYDQAFRKL LNRLFAMHSQ
bW3 VYEAQYENAF VTWQQENLYE EAYDQAFRKL. LNRLFAMHSQ
121 160
bWwi ETWHMVLDEV SKVFRTDSSL TVTQRDNASY EGAPLKTGRG
* *
bw3 ETWHMVLDEA SKVFRTDSSL TVTQRDSASY EGAPLKTGRG

[
bW1 MKDFEYFSKI LSLASQIRMT LPPLPRISQT APRPTCFLPL

bW1/3x9
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40

MKDFEYFSEI LSLASQIRMM LPPLPRISQT APRLTCFLPL
*

bW1/3x20 MKDFEYFSKI LSLASQIRMM LPPLPRISQT APRLTCFLPL
*

bW1/3x34 MKDFEYFSKI LSLASQIRMT LPPLPRISQT APRLTCFLPL

*

bw3 MADLESFSEI LSLASQIRMM LPPLPRISQT APRLTCFLPL

FIG. 4. Construction of chimeric alleles for bW1 and bW3. (A) An alignment of the sequences at the N-terminal regions of bW1 and bW3 shows a high degree of
identity; amino acid differences are found at nine positions in the first 160 positions. Alignments of additional bW sequences have been described previously (12). (B)
Three chimeric alleles (bW1/3x9, -20, and -34) were constructed between bWI and bW3; the number following the x indicates the first position of the bW3 sequence.
The amino acid sequences encoded by the first 40 codons of the chimeric alleles are shown aligned with the sequences of the comparable regions from bW1 and bW3.
For the chimeric alleles, the sequences before the asterisk are from the bW1 protein and all three have bW1 specificity.

identification of amino acid residues that were important for
specificity (37). Our expanded collection of chimeric alleles for
bE1/bE2 and the new collection for the bW1/bW2 alleles pro-
vided an opportunity to compile a list of amino acid positions
that are involved in the specificity of interaction. In particular,
crosses between strains carrying chimeric alleles and strains
carrying wild-type alleles identified several pairs of alleles (e.g.,
bWx6 and bWx9) whose products differ in sequence at only one
amino acid position but which are found to confer a difference
in specificity when tested against strains carrying wild-type
alleles. The mating behavior of the strains carrying the bW
chimeric alleles, which is believed to reflect the specificity of
the interaction between bE and bW gene products, is shown in
Fig. 3. The sequence alignments for the amino acids encoded
by some of those chimeric alleles and for those encoded by
other chimeras that were found to differ in specificity when
tested with wild-type alleles are shown in Fig. 7. These align-
ments focus attention on key positions within the border se-
quences of the regions defined by the class II bE and bW alleles
and identify eight amino acid positions that influence specific-
ity. These positions include those encoded by codons 31 and 79
of bE and by codons 6, 74, 77, 79, 81, and 82 of bW.

It is interesting to note that among the eight positions that
influence specificity, four of the amino acid differences involve
a Tyr residue. These positions have substitutions of Tyr for
either Arg, His or, in two cases, Cys. Charged or polar amino
acids are present at one or both of the positions in six of the
eight examples. Only one of the positions (bE codon 79) has a
substitution of two hydrophobic residues (Ile and Phe) and one
(bW codon 79) has a substitution of basic residues (His for
Arg). In addition, a reversal of charge (Lys or Asp) was found
for one position (bW codon 77). These comparisons of the
amino acids found at positions that influence specificity suggest
that charge and polarity may play an important role in the
interaction between the bE and bW polypeptides. Further-
more, it is striking that residues with aromatic side chain rings,
i.e., His, Tyr, and Phe are prominent within the list of amino
acids at the eight positions. Overall, these results indicate that
it is possible to use differences between chimeric alleles to
identify single-amino-acid positions important for specificity
and to catalog the types of residues at those positions.

The identification of important amino acid positions within
the border regions was extended by the analysis of additional
chimeric alleles that were found to have different specificities
when strains with chimeric alleles were used as testers. An

important feature of these crosses between strains carrying
chimeric alleles was the identification of interesting interac-
tions between specific chimeras with recombination points in
or near the N and C borders of the specificity regions. For
example, alleles bEx87 and bEx89 show opposite specificities
when tested with various bW chimeric alleles (Table 2). The
behavior of these and other alleles with adjacent recombina-
tion points indicates that recombination has occurred in re-
gions that are important for specificity, i.e., the N and C bor-
ders. These data can also be used to identify the amino acid
positions that play a role in the specificity of interactions be-
tween the products of chimeric alleles. Sequence alignments of
amino acids encoded by chimeric alleles with specificity differ-
ences are shown in Fig. 8. These sequence alignments reveal
single-amino-acid differences at important positions in the al-
lele products and provide an additional list of the types of
residues that influence specificity. As with the eight amino acid
positions identified in the analysis shown in Fig. 7, the majority
of the residues are charged or polar and few are hydrophobic.
In one position (bW codon 9), a clear charge difference is
present (Asp versus Lys). At two other positions, the amino
acid differences involve substitution of a polar or charged res-
idue for a hydrophobic residue (e.g., bE codon 45 and bW
codon 80).

The identification of bE codon 45 as a key position is inter-
esting because this is the only position which shows an influ-
ence and which is outside of the border regions previously
identified as containing the important residues. This finding
suggests that the border regions that were defined by testing b/
and b2 chimeric alleles with wild-type strains may not be de-
finitive when testing chimeric alleles against each other. That
is, bE position 45 may have a residue that is important for
specificity only in the context of the chimeric alleles. This
finding reinforces the idea that the identification of the resi-
dues in the bE and bW N-terminal dimerization domains that
are important for specificity is dependent upon the allele com-
binations under investigation.

Possible interactions between the N and C border regions.
Chimeric alleles bEx87 and bEx89 encode products that differ
at a single amino acid position (Fig. 8) and, as shown in Table
2, have different specificities when tested against chimeric bW
alleles with recombination points near the N-terminal border
(e.g., bWx12, bWx19, and bWx36) and within the C-terminal
border (e.g., bWx76, bWx79, bWx80, and bWx82). Although this
allele pair was the only one to clearly exhibit this phenotype,
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TABLE 2. Results of mating tests between strains carrying wild-type and chimeric alleles

Mating test result” for allele:

Allele

bE2  bEx28  bEx3]  DEx39  bEx45  bEx48 bEx49  bEx51  bEx57  bEx60  bEx70  bEx79  bEx82 bEx87 bEx89 bEx90 bEx92 bExI07 bExI28 bExI56  bEI
bw2 - - - +++ +++  +++ +++ A+t A+ At Rt At At A+ AR R+ Rt
bWx4 - - - - - +++ +++ +++ +++ +++ +++ ++ ++ +++  +++ A+
bWx6 - - - - - +++ +++  +++ S+ A+ A+ +4++ +++ S+ A AR At
bWx9 +++ S+t - - +++ +++ +++ S+ A+t +++  +++ +++ ++ ++ +++  +++ S+ A+
bwxi2  +++ +++ +++ - - - - - - - - - - - +++  ++ ++ +++  +++
bWwx19  +++ +++ +++ - - - - - - - - - - - +++ ++ ++ +++  +++ +++ A+
bwx36  +++ +++ A+ — - - - - - - - - - - +++  ++ ++ +++  +++
bWwx38  +++ +++  +++ - - - - - - - - - - - ++ ++ +++  +++ +++ S+
bWwx48  +++  +++ A+ — - - - - - - - - - - ++ ++ ++ +++  +++
bWwx49  +++ +++  +++ - - - - - - - - - - - ++ ++ ++ +++  +++ +++ A+
bWwx52  4+++  +++ A+ - - - - - - - - - - - + ++ +4++ A+ A+
bWwx68  +++ +++ +++ - - - - - - - - - - - - - +++  +++ +++ S+
bWwx72  4+++  +++ A+ - - - - - - - - - - - - - +4++ A+ A+
bWx73  +++ +++  +++ - - - - - - - - - - - - - +++  +++ +++ S+
bWwx74  +++  +++ +++ - - - - - - - - - - - - - ++ +++  +++
bWwx76  +++ +++ +++ - - - - - - - - - - - + ++ - ++ ++ ++ -
bWwx77  +++  +++ A+ - - - - - - - - - - - - - - ++ ++ ++ -
bWwx79  +++ +++ +++ - - - - - - - - - - - +++  +++ = +++  +++ A+ S+t
bWwx80  +++ +++  +++ - - - - - - - - - - - +++  ++ - +++ +++ -
bWwx81  +++ +++ +++ - - - - - - - - - - - - ++ - - - - -
bWx82  +++ +++ +++ +++ A+ A+ e+ A+ A+ - - +++  ++ ++ +++ 4+ A+
bWx83  +++ +++ +++ +++ +++ .+ A+ A+ A+ - - - - - - - - -
bWx88  +++ +++ H+++ +++ A+ A+ A At A - - - - - - - - - -
bWx91  +++ +++ +++ A+ 4+ A — - - - - - - - - -
bWx109 +++ +++ +++ +++  ++ +++ +++ A+t S+ A+t - - - - - - - - - -
bWx140 +++ +++ +++ +++ +++ +++ +++ A+ A+ - - - - - - - - -
bWwx171 +++ +++ +++ +++ +++ +++ +++ 4+ +++ A+ — - - - - - - - -
bwi1 +++ +++ +++ +++ A+ A+ A+ A - - - - - - - - -

Vor. 18, 1998

“ A minus sign indicates that the mating reaction between b gene products was incompatible and did not result in the formation of white aerial hyphae. The strength of a compatible interaction was judged visually and
assigned one to three plus signs to indicate the density of aerial hyphae present on the colonies. Representative positive mating reactions are shown in Fig. 3 and 5.
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bWx49

bWx74
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FIG. 5. Mating reactions between strains carrying wild-type or chimeric al-
leles of bE1 and bE2 or bWI and bW2. Representative mating reactions are
shown to illustrate the data summarized in Table 2. The appearance of vigorous
white aerial hyphae indicates a strongly compatible interaction between bE and
bW polypeptides; this type of reaction (e.g., bW2 with bE1) is assigned three
pluses in Table 2; weaker compatible reactions are assigned one or two pluses
(e.g., bEx90 with bWx76).

this finding suggests that interactions may occur between the
N- and C-terminal border regions. That is, the ability of a
difference within one border (defined by bEx87 and bEx89) to
alter the specificity of interactions with alleles with recombi-
nation points near or in both the N- or C-terminal borders may
indicate that the borders cooperate.

DISCUSSION

Specificity determinants in the variable N-terminal portions
of bE and bW. The bE and bW genes of U. maydis each exist in
a series of at least 25 alleles that are primarily distinguished by
variability in the regions encoding the N-terminal 100 to 150
amino acids (12, 17, 24, 28, 29). Dimerization of bE and bW
proteins encoded by alleles from mating partners of different
specificities has been demonstrated (15) and is thought to
establish a transcription factor that controls morphogenesis
and pathogenesis. The bE and bW proteins encoded by the
same strain (like specificity) fail to dimerize (15). A primary
goal in the analysis of the b proteins has been the identification
of regions of bE and bW that control the specificity of inter-
action. The N-terminal regions of bE and bW were obvious
targets for this analysis because these regions contain most of
the allelic variation and mediate dimerization (12, 15, 17). In
addition, our previous work on chimeric bE alleles revealed
that recombination within the 5’ proximal coding regions re-
sulted in alleles with novel specificity (37).

The construction and analysis of dual sets of chimeric alleles
for bE1/bE2 and bW1/bW2 that are described here provided an
opportunity to further refine our view of the N-terminal spec-
ificity regions believed to control the recognition between bE
and bW proteins. Previously, we found that bE1/bE2 chimeras
that contained recombination points in the central portion of
the variable region were of particular interest because they had
specificities different from either parental allele (37). These
alleles were designated class II to distinguish them from alleles
that had not changed specificity (class I) or that had switched
from one parental specificity to the other (class III). One major
finding from the extension of our work to include chimeras of
bW1I and bW?2 is that the same three classes of alleles could be
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identified, including the class II group with novel specificity.
However, in contrast to the findings for bEI and bE2, the
transition between class II and class III chimeras was not
distinct for bW1 and bW2. Rather, a pattern of switching be-
tween class II and class III specificities was observed. This
result served to focus attention on the borders of the region
defined by the class II alleles and provided the framework for
more detailed studies to identify sequences that control spec-
ificity.

Throughout our analysis of the chimeric alleles, we have
made the assumption that the differences in specificity indi-
cated by the presence or absence of filamentous cell growth in
mating tests reflect differences in dimerization ability between
bE and bW polypeptides. This assumption is based on the
demonstrated correlation between dimerization and mating
specificity reported by Kédmper et al. (15) for the bE and bW
proteins. That is, Kédmper et al. (15) have employed in vitro
and in vivo assays to show that the N-terminal variable portions
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bE1 N [+
N1 C1
| I | Compatible
N2 C2
owz [ —— c
HD
HD
bE1 N ——lc
N1 C1
Incompatible
N1 Ci1
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bw1 N IT ]c
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HD
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bexs7 v [
N1 C2
N1 C2
bwxsz  n I R ©
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HD

bExs7 N [ T I c

Compatible

jm S
bw1 N IT ]c

bE1 ) NS S

™ Compatible

owa  ~ (e ——

FIG. 6. Model for the interactions of the borders of the specificity regions of
bE and bW. The borders are designated N and C followed by a number (1 or 2)
to indicate the specificity of the parental allele. Compatible interactions (dimer-
ization) would align N and C borders of different specificities (top), and incom-
patibility would result from the interaction of borders of like specificity (second
from top). An interaction leading to dimerization is indicated by the black boxes
between borders of different specificities. Chimeric alleles with recombination
points between the N and C borders (e.g., class II alleles such as bEx57 and
bWx52) give an incompatible reaction (Table 2) because borders of like speci-
ficity are aligned. In contrast, chimeric alleles of class II specificity (e.g., bEx57)
give compatible reactions with wild-type alleles (e.g., bWI). In this case, it is
sufficient for either the N or the C border to be recognized as non-self. A similar
situation can be found for some naturally occurring alleles such as the combi-
nation of bW1 and bW3 where the determinants of specificity are found only in
the N-terminal border region.
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Class
20 30 40
bEL EHEFLRDEKGENYPVLVRELRE
bEx31 E HEFLRDEGENRPVLVRELCOQE I
bEx39 u_E_LL_R_D_uJ_H_;_uLL_V_uJQE iI
bE2 EHEFLRDKLENRPVLVRELOQE
70 a0 90
bEL RAVAQAFIRFDQERKFVSLCSEYV
BEx79 R AVAOAFIRIDQSFVSLHSDRA R II
bExB2 R_A_LA_Q_A_LI_L*LMSFVSLHSDA III
bE2 KVAAKAFIRIDOQSFVSLESDA A
1 10 20
bWl MKDFEYFSKILSLASQIRNMNMT
bWx6 MEDFECFSEILYLTSQIRAM I
bwWx9 LLD_LE_;_LSEILYLTSQIRAN II
bwW2 MTDLECFSEILYLTSQIRAM
60 70 80
bWl GSVCRDTLEEIFIEYLREKLRR
BWx74 G S VCRDILERIFIEHSLNELHI II
bWx76 GS!QBDILEEIEIE;LNELEI III
bW2 NGSYEREALIEKLFLGHLNETLHTI
70 80 90
bWl IFIEYLREKELRRVYEAQYENAF
bWx7?7 I F I EYLRELHIGCQAQYERVEFEF III
bWx79 LE_I_E_X_L_B_;_LHIGCQAQYERVF II
bWx79 I E I EYLRELHIGCQAQYERVF II
bWx80 I_LI_E_!_L_LLI._;IGCQAQYERVF III
bwx8l I F I EYLRELRRGCQAQYERVEF III
bWx82 LLLE_LL_B_K_L_B_B_;CQAQY RVF Iz
bWx82 I F IEBEYLRELRRVCQAQYERVEF II
bWx83 I_LI_E_I_L_R_K_L_R_BJL;QAQYERVF 111
bw2 LFLGHLNELHIGCQAQYERVF

FIG. 7. Sequence alignments for the products of chimeric alleles that were
found to differ in specificity and in a single amino acid position when tested
against the products of wild-type alleles. Eight amino acid positions that influ-
ence specificity (marked with asterisks) were identified by sequence alignments
of alleles whose products were found to differ in mating reactions when tested
with those of wild-type alleles. Four bE1/bE2 chimeric alleles allowed the iden-
tification of two amino acid positions that influence specificity. An additional 12
bWI1/bW2 chimeric alleles identified six positions that determine specificity. The
results of mating tests demonstrating the interactions of strains carrying the bW
chimeric alleles are shown in Fig. 3, and the results of mating tests for all of the
alleles are shown in Table 2. The specificity classes are indicated on the right, the
underlined sequences represent the bE1 or bW1 portions of the products of the
chimeric alleles, and the remaining sequences are from bE2 or bW2.

of the b proteins mediate dimerization and that these same
regions control mating specificity. A similar relationship has
also been reported for analogous homeodomain-containing
mating type proteins in Schizophyllum commune and Coprinus
cinereus (1, 36, 38). It is formally possible, however, that other
explanations account for the different activities of the chimeric
bE and bW proteins analyzed in our study. For example, there
may be differences in levels or stability of the chimeric proteins
compared to the parental proteins. Furthermore, it is possible
that a negative mating test may reflect a difference in the
activity of a heterodimer (e.g., failure to act as a transcriptional
repressor or activator) rather than a failure to dimerize. Al-
though these other possibilities must be kept in mind, we
would note that the chimeric alleles that we have constructed
have been used to directly replace the parental alleles by ho-
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mologous recombination. Thus, the chromosomal location is
the same for the chimeric and parental alleles, and we would
expect transcription of the genes to be identical. Also, the
chimeric alleles were constructed such that deletions or inser-
tions did not occur at the site of recombination. That is, the
chimeric alleles represent genes with novel combinations of
parental sequences rather than mutated versions. Given these
considerations and the description of Kidmper et al. (15) of
amino acid changes in the N-terminal regions that influence
both dimerization and mating specificity, we favor the inter-
pretation that our mating tests reflect differences in the abili-
ties of chimeric bE and bW proteins to dimerize. The discus-
sion below is presented with this interpretation in mind.

In previous work, we explored the mating behavior of the
strains carrying the class II chimeric alleles of bE1 and bE2 to
gain insight into the novel specificities of these alleles (37). For
example, we performed mating reactions between strains car-
rying class II alleles of bEI/PE2 and strains with wild-type
alleles different from b1 and b2 (bD, bI, and bM) to demon-

Class
30 40 50
bE1 NYPVLVRKLRELQQKIPNDTIA
BEx45 N X PV LVRXKLRELOOERKTPNNVA II
bEx48 NYPVLVRKLRELOOK;PNNVR II
bE2 NRPVLVREKELQELRREKTPNNVA
80 90 100
bE1 DQEKFVSLCSEVVHGTS SKVMQE
bEx87 D OKFVSLHSDAVEDTSEKALKEK III
bEx89 DQKE!SL;SDAVEDTSKJ\LKK III
BEx89 D OKFVSLCSDAVEDTSKALEKEK III
bEx90 D__Q_K_E_Y_S_L_S_S_;AVEDTSKBLKK III
BEx90 D OKFV SLCSEAVEDTS L KK III
bEx92 D_Q_LE_LS_L_C_S_E_:I_YEDTSKALKK III
bE2 DQSFVSLHSDAVEDTSK L KK
1 10 20
bWl MEKDFEYPFSKILSLASQIRMT
bwxd MEDLECFSETILY TSQI A M II
bW2 H;DLECFSEILYLTSQIRAM I1T
1 10 20
bWl MEDFEYFSKILSLASQIRMT
bWx9 KEDFEYFSEILYLTSQIRAM II
bwWxl2 u_LE_E_x_u_;_I_LYLTSQIRAM II
bwW2 MTDLECFSEILYLTSQIRAM III
70 80 90
bWl IFIEYLRKLRRVYEAQY NAF
pWx76 I F I EYLNELHIGCQAQYERVF III
bwx77 I_LI_E_X_L_;ELHIGCQAQYERVF III
bWx80 I F I EY LREKLRIGCQAQYERVTF II
bWx81 LLI_E_LLLLL_L;GCQAQYERV 111
bw2 LFLGHLNELHIGCQAQYERVFEF

FIG. 8. Alignments of predicted sequences of the products of chimeric alleles
that were found to differ at a single amino acid and have different specificities
when tested against the products of other chimeric alleles. The portion of each
sequence containing the single amino acid difference (asterisk) is shown, and the
specificity class of each allele is indicated on the right. The patterns of interac-
tions for each allele pair are shown in Table 2. Note that alleles bEx87, bEx89,
bEx90, and bEx92 were all designated class III when assayed with wild-type b1
and b2 mating partners. Differences in specificity are revealed in mating assays
with strains carrying other chimeric alleles as shown in Table 2.
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strate that the class II alleles are not simply constitutively
active with any other bW protein (37). That is, recombination
within the specificity region does not simply result in constitu-
tive compatibility because the mating reactions failed with b/
and bM strains. In addition, we performed the mating tests
with the strains with class II alleles and strains with three
additional b specificities (bH, bJ, and bL) to search for speci-
ficity differences between class II bE alleles. In these experi-
ments, we found that all three class II alleles had the same
specificity. Not surprisingly, we also found that strains of op-
posite a mating type that carried different class II alleles of
bEI/bE2 failed to mate with each other. This was expected
because of the genetic evidence indicating that specificity is
determined by the interactions between bE and bW polypep-
tides (12). As described below, the construction of a set of
bW1/bW?2 chimeric alleles provided an opportunity to retest the
class II alleles of bE1/bE2 for differences in specificity.

Crosses between chimeric alleles identify short regions con-
taining specificity determinants. The availability of dual sets of
chimeric alleles of bEI/bE2 and bW1/bW?2 allowed crosses to
be performed between all combinations of alleles representing
the three specificity classes (Table 2). The basic finding from
this work was that the products of class II alleles of bE gener-
ally fail to interact in a compatible manner with the products of
class II alleles of bW. Our interpretation of this result is that
the borders of the region defined by class II alleles contain the
important determinants of recognition and that artificial com-
binations of these borders (resulting from recombination in the
intervening region) generate alleles with novel specificities. In
this context, the 40-amino-acid region defined by the class II
bEI/bE2 alleles and the analogous 70-amino-acid region for
the bW1/bW?2 alleles may represent the intervals between the
borders that influence specificity. For bE1 and bE2, these spec-
ificity borders are encoded by codons 31 to 39 and by codons 79
to 92; for bW1 and bW2, these sequences are encoded by
codons 2 to 9 and 74 to 83.

As shown in Fig. 6, we have designated the border regions
(10 to 20 amino acids) defined by the analysis of class II alleles
as the N and C sequences. These sequences have specificities
N1 and C1 for bE1 and bW1, and N2 and C2 for bE2 and bW2.
In a self interaction (e.g., bE1 with bW1), regions of like
specificity (N1 with N1 and C1 with C1) would prevent forma-
tion of the heterodimer. In a nonself interaction (e.g., N1 with
N2 and C1 with C2), the specificity regions would allow dimer-
ization. Chimeric proteins encoded by class II alleles would fail
to interact with each other because these products would have
like specificity borders (Fig. 6). That is, N1 would interact with
N1 and C2 would interact with C2, resulting in a situation
similar to that occurring with the bE and bW products of
wild-type self alleles. The idea that the N and C regions contain
important residues for specificity is supported by the finding
that the bW1 and bW2 chimeras did not show a distinct C-
terminal transition between alleles with class II specificity and
alleles with class III specificity. Instead, recombination events
with the C sequence resulted in alleles that showed a pattern of
alternating specificities (Fig. 2B). In addition, the amino acid
positions that influence specificity, as identified by compari-
sons of chimeric alleles, are located mainly in the N and C
regions (see below).

The analysis of an additional set of chimeric alleles between
bW1 and bW3 (Fig. 4) supports the importance of the N and C
borders defined for the b1 and b2 genes. That is, the construc-
tion of chimeric alleles for the W1 and b3 alleles confirmed
the presence of an N-terminal specificity sequence encoded by
the first 10 codons. Interestingly, the construction and analysis
of chimeric alleles from bWI and bW3 indicates that some
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naturally occurring alleles have products that differ at only one
of the N or C regions (e.g., N1) and that sequence differences
in one region are sufficient to provide a different specificity. In
terms of the specificity borders, bW3 appears to be a naturally
occurring chimera whose product has an N3 and C1 combina-
tion of borders (Fig. 2A). This suggests that new specificities
could be generated via recombination between different alleles
to reassort the N and C sequences; this type of event is dem-
onstrated by the nonparental specificity of class II chimeric
alleles.

Identification of amino acid positions important for the
specificity of recognition. The sequence comparisons of pairs
of chimeric alleles that differ in specificity and that are neigh-
bors on the specificity maps (Fig. 2) provided a means of
identifying amino acid positions that influence specificity. Ini-
tially, eight of these positions were identified through crosses
between strains carrying chimeric alleles and strains carrying
wild-type b1 or b2 sequences (Fig. 7). In general, most of the
amino acids found at the eight positions were either charged or
polar and relatively few hydrophobic residues were present. An
inspection of the types of residues occupying the eight posi-
tions revealed a preponderance (six positions) of aromatic
amino acids (His, Phe, or Tyr). Although it is difficult to draw
definite conclusions about the role of aromatic amino acids, it
is interesting to note that these types of amino acids have been
found to play important roles in antigen-antibody binding (8,
23, 25, 33).

An additional eight amino acid positions that influence spec-
ificity were identified from crosses between strains that each
carry chimeric alleles (Fig. 8). In these amino acid positions,
the majority of residues were polar or charged, but only one
residue had an aromatic side chain ring (His), and Tyr and Phe
were not found. We speculate that the preponderance of aro-
matic amino acids found in the first set of eight positions,
compared with the second set, may reflect differences in the
interactions of the products of chimeric alleles with wild-type
products compared with interactions between chimeric pro-
teins. Taken as a group, the 16 pairs of the alternate residues
(32 amino acids) present at the key positions reflect the pre-
ponderance of polar and charged residues; that is, 24 of 32
residues were polar or charged, 7 of 32 residues were hydro-
phobic, and 1 was Gly.

Overall, the data from Table 2 and Fig. 7 and 8 identified six
positions for bE1/bE2 (codons 31, 45, 79, 87, 89, and 90) and 10
positions for bW1/bW2 (codons 2, 6, 9, 74, 76, 77, 79, 80, 81,
and 82) that influence specificity. It is noteworthy that these
positions are all found in the N and C border regions except
position 45 of bE. Thus, the locations of the key amino acids
reinforce the idea that the failure of class II bE and bW
chimeric alleles to interact results from the presence of self
combinations of borders (Fig. 4A). Given that chimeric alleles
were constructed for only 50 to 60% of the potential positions
for bE and bW, it is possible that additional positions are
important in the interactions of these allele pairs. However, for
bWI and bW2, chimeric alleles were obtained for 4 of 6 poten-
tial positions (positions 2, 6, 9, 12) in the N-terminal region
(codons 1 to 15) and for 10 of 11 sites (positions 72, 73, 74, 76,
717, 79, 80, 81, 82, 83) in the C-terminal region (codons 70 to
85). For bEI and bE2, chimeric alleles were constructed for all
three potential N-terminal sites (positions 28, 31, and 39) be-
tween positions 25 and 40 and for all five potential C-terminal
sites (positions 79, 80, 81, 82, and 83) between positions 75 and
90. Thus, the majority of potential chimeric alleles have been
constructed for the N and C regions and the majority of the
important amino acid positions have probably been identified
for these allele pairs.
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Kémper et al. (15) have shown that the variable N-terminal
regions of bE and bW control dimerization such that het-
erodimers arise from polypeptides with different specificities
(e.g., bE1 with bW2) but not from polypeptides with like spec-
ificities (e.g., bE1 with bW1). In addition, mutations that al-
lowed interaction between the self polypeptide combination of
bE2 and bW2 were identified. In general, these mutations were
found to increase hydrophobicity, and it was suggested that the
wild-type residues involved were important for the failure of
self combinations to interact. Two additional mutations re-
sulted in a change in charge, implying a contribution from
polar interactions for dimerization. Combining the results
from this work with the analysis of chimeric alleles leads to the
general idea that a number of key amino acid positions control
recognition by influencing dimerization. In general, however,
the amino acid changes described by Kémper et al. that re-
sulted in an increase in hydrophobicity promoted interaction
(dimerization) between the self combination of bE2 and bW2
polypeptides (15). In contrast, the positions identified for chi-
meric alleles suggest a prominent role for charged or polar
residues, including aromatic amino acids. These differences
may reflect the fact that the substitutions identified by Kémper
et al. represented changes that allowed self interaction. In the
case of chimeric alleles, the interactions of novel combinations
of self and nonself sequences were explored.

Chimeric alleles for other homeodomain mating proteins in
fungi. Homeodomain proteins encoded by multiallelic genes
and having roles in sexual development have also been char-
acterized for the mushroom fungi C. cinereus and S. commune.
These proteins, designated HD1 and HD?2 for C. cinereus (1)
and Y and Z for S. commune, also contain the determinants of
allelic specificity in N-terminal regions, as revealed by chimeric
allele analysis. In the case of the HD1 and HD2 proteins of C.
cinereus, specificity is determined by the N-terminal 160 to 170
amino acids (1). For S. commune Z proteins, seven chimeric
alleles were constructed between Z4 and Z5, and these defined
a specificity region between codons 19 and 60 (36). Eight
chimeric alleles for Y4 and Y3 were also constructed, and a
region determining specificity was found between codons 17
and 72 (38). As with the class II chimeric alleles of bEI and
bE2 (37), Y4/Y3 chimeric genes with exchange points between
codons 17 and 72 had specificities different from either paren-
tal allele. This result indicates that in the case of the Y alleles
of S. commune, the borders of the region defined by alleles
with novel specificities carry the important determinants of
recognition. A similar situation would probably be revealed by
chimeric alleles with recombination in the region between po-
sitions 19 and 60 of the Z proteins. Overall, these results
suggest that a common mechanism and perhaps a common
structural organization may be employed to determine self
versus nonself recognition for the homeodomain-containing
mating-type proteins in basidiomycetes.

The use of chimeric proteins to study recognition. A chi-
meric strategy for identifying specificity determinants has been
employed in other systems involving recognition between
polypeptides. For example, the dimerization specificity of the
bacteriophage P22 repressor has been studied by making chi-
meras between P22 and homologous repressor protein 434
(10). In addition, an attempt to determine the basis of multial-
lelic self-incompatibility in plants was carried out by exchang-
ing domains between allelic S-RNases from Nicotiana alata
(39). Chimeric proteins have also been used to study protein-
protein interactions during ligand-receptor recognition (7, 20,
21, 32). In fact, our observation that bE and bW class II chi-
meric alleles have specificities different from either parent is
not unique to fungal mating-type systems; a similar phenome-
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non has recently been reported for chimeras of two glycopro-
tein hormones (4). Specifically, the chimeras of human chori-
onic gonadotropin (hCG) and human follitropin (hFSH) were
shown to exhibit activity unique to a third family member,
human thyrotropin (hTSH). This result was explained by a
model stating that the specificity between ligand and receptor
was mediated by “inhibitory determinants” that restricted
binding to only the appropriate combinations (4, 22). The
construction of chimeras was thought to disrupt the inhibitory
determinants and unmask activities characteristic of other
members of the protein family.

It is interesting to speculate that an inhibitory determinant
model such as that described for receptor-ligand interactions
may be applicable to the problem of specificity determination
at the multiallelic b locus. In the case of b genes, specificity may
result from interactions that prevent dimerization between bE
and bW proteins derived from the same strain. That is, there
may be amino acid residues positioned to interfere with dimer-
ization between bE1 and bW1, and these inhibitory determi-
nants may be positioned differently for each self allele combi-
nation. Thus a set of interfering residues could prevent
dimerization between self allele combinations of bE and bW;
presumably, the residues would not directly oppose each other
for nonself allele combinations. The amino acid residues in the
borders defined by chimeric allele analysis may represent in-
hibitory determinants. Site-directed mutagenesis and in vitro
protein interaction studies, combined with access to the three-
dimensional structure of the bE and bW proteins, will be
needed to explore this possibility.
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